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METABOLIC PATHWAYS IN PERFUSED DOG SKIN*
KENNETH M. HALPRIN, M.D.t AND DONALD C. CHOW
The tri-carboxylic acid cycle (Fig. 1) has been
assumed, as it is in other organs, to be the major
energy source in the skin. In 1948 E. S. G. Barron
(1) was unable to find evidence of the enzyme
isocitric dehydrogenase in rat skin slices. Further-
more, no stimulation of oxygen uptake by these
skin slices occurred after the addition of citrate or
alphaketoglutarate. Consequently, serious reser-
vations concerning the presence of this cycle in,
and its contribution to the energy requirements
of, the skin were entertained. Subsequent
investigators (2, 3) also employed manometric
technics and in vitro preparations to study
cutaneous metabolism.
In 1954, Kiersgaard (4) described a method
for perfusing the isolated, intact, surviving thigh
skin of the dog. Theoretically, this technic
offered a means of approaching the problem in a
more physiological manner. Bell, Lundquist, and
Halprin, in 1958, (5) demonstrated that these
preparations actively converted acetate to
carbon dioxide and were suitable for metabolic
studies.
In this paper further work concerning the
metabolism of C-14 labeled acetate by such
preparations is presented. A functioning tn-
carboxylic acid cycle has been demonstrated in
dog skin. The overall pathways of acetate
metabolism leading to the formation of glycogen,
lipids, nucleic acids, and protein also have been
surveyed.
METHOnS
Perfusion: After cannulation of the saphenous
artery and vein, the anterior medial thigh skin of
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the dog was removed in toto and placed in a
humidified chamber kept at 35° Centigrade.
Heparinized dog blood or Ringer's solution
containing 5—10 microcuries of sodium acetate-i-
C-14 was slowly infused through the arterial
cannula. From one to four hours of continuous
perfusion was required for the complete passage
of 200 cc. of fluid. Effluent dripping from the cut
ends of small capillaries and emerging from the
venous cannula during perfusion were discarded.
Preparation of skin powder: After perfusion, all
traces of underlying fat and the saphenous blood
vessels were removed with a sharp scalpel from
the skin preparation. The skin was weighed, cut
into small pieces, and placed in a freeze-dryer
under vacuum for one week ("Virtis" vacuum
freeze dry apparatus). Small pieces of dried skin
were powdered by passage through a Wiley mill of
20 mesh screen size. The dry powder was then
weighed and stored in a desiccator until analysis
could be performed.
Extraction: Cell-free preparations were obtained
by homogenization using a Potter-Elvehjem glass
homogenizer connected to a drilipress head.
Homogenization of 5 grams of skin powder re-
quired one hour and necessitated the use of an
ice jacket to prevent excess heat formation.
Preliminary homogenization of the powder by
means of a Waring Blendor or mortar and pestle
reduced the time needed to complete the process.
Distilled water was used for primary extraction
of the skin powder in those instances where analy-
sis for glycogen, organic acids, fats, nucleic acids
and protein were carried out on the same speci-
men. When only organic acids were analyzed,
extraction with 0.3 normal perchlonic acid was
used. This treatment precipitates proteins, as
well as extracts the organic acids.
Glycogen isotation: Perchloric acid was added to
the water extracts up to a concentration of 0.3
normal in order to precipitate the soluble proteins.
Neutralization to pH 6.8 with 2 normal potassium
hydroxide removed insoluble potassium perchlo-
rate. Glycogen was precipitated from the neutral
extract by the addition of 1.5 volumes of absolute
alcohol.
Preliminary trials with normal skin of both
rats and dogs failed to demonstrate any pre-
cipitable glycogen in hot water or in 50% sodium
hydroxide skin extracts. These same methods were
quite adequate for the demonstration of glycogen
in either liver or hair extracts. The addition of
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FIG. 1. The tricarboxylic acid cycle
pure glycogen to water followed by precipitation
with alcohol demonstrated the necessity for a
concentration approaching 15 milligrams %
before adequate precipitation occurred.
Folin (6) has shown the glycogen content of dog
skin to be 15—20 milligrams % wet weight. Bolliger
(7), working with hair extracts, demonstrated
that only 50% of the extractable glycogen is
removed when cool or cold water is used. It was,
therefore, probable that the amount of glycogen
present in our extracts would be under 10 milli-
grams % and poorly, if at all, recoverable. To
assure the precipitation of all the glycogen in the
extract, carrier glycogen to a concentration of 50
milligrams % was added to the neutralized ex-
tracts before the addition of alcohol. The
precipitate was washed twice with alcohol, re-
dissolved in water, and an aliquot was plancheted
for radioactive counting.
Organic acid isolation: 1). Non-keto acids, i.e.,
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citric, isocitric, aconitic, succinic, fumaric, and
malic acids were isolated directly from 0.3 normal
perchioric acid extracts or from distilled water
extracts. The latter were made 0.3 normal with
respect to perchioric acid and then treated simi-
larly to the 0.3 normal perchioric acid extracts.
The acid extracts were kept at 4° C. for one hour.
The precipitated protein was centrifuged at 3000
rpm for }z hour, and washed once with 0.3 normal
perchlorie acid. To precipitate insoluble potassium
perchiorate, the combined supernatants were
neutralized with 2 normal potassium hydroxide to
pH 6.8, and kept at 4° Centigrade over night.
The neutralized solution was filtered onto a
Dowex I anion exchange column in the formate
form (200—400 mesh, cross linked X 10) as de-
scribed by Busch (8). In those eases where glyco-
gen estimations were carried out on the
neutralized extracts, the potassium perehlorate
was removed by centrifugation at 15,000 rpm for
[5 minutes. Glycogen was precipitated from
solution by alcohol. Drying the supernatant
removed the alcohol, leaving a residue which was
reconstituted in 25 cc. distilled water and placed
on the column.
The separation of the organic acids by elution
from the column with increasing concentrations of
formic acid has been described by Busch (8). One
hundred and fifty 2 cc. fractions were collected,
dried in vacuo over calcium chloride and sodium
hydroxide (2:1), redissolved in 2 cc. distilled
water, and titrated to the phenolphthalein end
point with 0.005 normal sodium hydroxide. After
drying the tubes again, 2 cc. distilled water was
added to each and an aliquot was planeheted for
measuring radioactivity. From the organic acid
content and radioactivity measurements, the
specific activity of each acid was calculated as
:mieroeuries/millimole. An example of the titration
and radioactivity curves is given in Figure 2.
Palmer (9) has critically studied this method
and extended its application to several additional
acids. We have found it essential to leave the tubes
in air for four hours after removal from the
desiccator to insure the removal of all traces of
formic acid. Perehlorie acid removal by preeipita-
Lion as the potassium salt is not complete, and
this acid may show up as a non-radioactive peak
following aeonitic acid (Fig. 2). In some instances
this peak partially obscures the aeonitie peak.
Up to 20% of the added perehlorie acid may re-
main after neutralization with potassium
hydroxide, as shown by passing the neutralized
supernatant of perehloric acid solutions through a
cation exchange resin (IF-) and titrating the
Liberated acid.
2). Keto acids: These were determined as their
2, 4-dinitrophenylhydrazine derivatives. Per-
chlorie acid skin extracts were incubated for 4
hour with an excess of 0.05% 2,4-dinitrophenyl-
hydrazine in 0.3 normal perehlorie acid. The
unreaeted 2,4-dinitrophenylhydrazine and the
2 ,4-dinitrophenylhydrazine derivatives of the
keto acids were removed by three extractions with
freshly distilled ether equilibrated against 0.3
normal perchloric acid. Separation of the un-
changed reagent and the individual keto acid
derivatives was accomplished by paper electro-
phoresis of the ether extract alongside similarly
treated known keto acids on Whatman No. 3
paper, using a sodium carbonate buffer (0.05 M)
for 15 hours at 9.7 amps as described by Neish
(10). The resulting yellow bands were cut out,
eluted with water, and an aliquot planeheted for
counting.
In this procedure, acetoaeetie acid breaks down
to form acetone. The 2,4-dinitrophenylhydrazine
derivative of acetone runs with the unreacted
2,4-dinitrophenylhydrazine on electrophoresis.
Separation of this acetone derivative may be
achieved either by initially extracting the ether
extract with 10% sodium carbonate which leaves
only the unreaeted 2,4-dinitrophenylhydrazine in
the ether layer or by paper chromatography of the
eluate from the electrophoresis strip band, using
glyeine buffered (pH 8.4) Whatman No. 2 paper
and a solvent system containing tertiary amyl
alcohol, ethanol, and water (5:1:4) for 18 hours as
described by Altmann (11). In this system, the
acetone derivative lags behind the unreacted
2, 4-dinitrophenylhydrazine.
Lipid separation: The residue remaining after
distilled water extraction of the dry skin powder
was taken to dryness in the freeze-dry apparatus.
Extraction for 72 hours with freshly distilled
acetone yielded a total lipid fraction from which
an aliquot was taken for radioactivity measure-
ment. The total lipid fraction was saponified,
yielding a fatty acid fraction and a non-saponified
fraction. Aliquots were taken from each for radio-
activity measurements.
Nucleic acid separation: After extraction of the
lipids, the residue was dried and treated with hot
(90° C.) triehloracetie acid for 20 minutes with
constant stirring. An aliquot of the supernatant
from this treatment was counted for radioactivity.
Protein separation: Soluble protein precipitated
from the distilled water extracts by treatment
with 0.3 normal perchlorie acid was weighed and
an aliquot counted for radioactivity. Insoluble
protein remaining in the residue after all extrac-
tion had been completed was counted only as part
of the residue. This fraction is inhomogeneous
and was not separated further.
Radioactivity counting: With the exception of
lipid fractions, radioactivity measurements were
done using dried samples in aluminum planehets
counted in a windowless gas flow counter
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(efficiency 40%). The lipid fractions were counted
using a Packard liquid scintillation counter
(efficiency 55%) with the samples dissolved in 5
ml. of toluene and 5 ml. of a scintillator liquid
which consists of a toluene solution of 0.4% PPO
(2.5-diphenyloxazole) and 0.01% POPOP (1,4-
di(2-(5-phenyloxazolyl)) Benzene).
RESULTS
1. General remarks: Skins were usually perfused
immediately after separation from the animal.
Perfusions could, however, be successfully per-
formed up to 48 hours after removal from the
animal, providing the preparations were well
heparinized and kept in a deep freeze. These
preparations metabolize as well as freshly
removed skin in so far as the formation of radio-
active tricarboxylic acid cycle intermediates is
concerned. Both heparinized dog blood and
Ringer's solution have been used for perfusions.
The organic acids isolated showed no consistent
difference which could be attributed to any
leaching effect of the Ringer's solution. Evidently
the tricarboxylic acids are strongly bound within
the cells. The dried weight of these skins ranged
from 23 to 30% of the wet weight. All figures are
referred to wet weight in the text and the tables.
2. Contribution of epidermis: The contribution
of the epidermis to the metabolism of whole
skin was estimated by analysis of epidermis
scraped from one half of a perfused skin corn-
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FIG. 2. Organic acid separation
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pared with the analysis for the unscraped half.
This procedure removes 75 to 90 per cent of
dog epidermis from the underlying tissue.
Table 1 shows the weights of the two prepara-
tions, the succinic acid content of each, and the
relative radioactivity of these fractions. Epi-
dermis constituted one-thirteenth of the weight
of whole skin. Absolute amounts of succinic acid
present indicated a contribution of 84% by
epidermis to the succinic acid content of whole
skin. The radioactivity measurements indicated a
contribution of at least 75% by the epidermis
alone to whole skin metabolism.
3. Distribution of radioactivity: In Table 2 the
amounts of radioactivity present in the various
fractions are given. It can be seen that no acetate
is incorporated into skin glycogen. The metabolic
pathway toward fat synthesis is quite active.
Paper electrophorcsis of the 2, 4-dinitrophenyl-
hydrazones of the organic acids isolated from
perfused skin also demonstrated an active fat
synthesis (Table 3). In this analysis the radio-
activity found in the 2 ,4-dinitrophenylhydrazone
derivative of acctoacetic acid which represents
the first step in the pathway toward fatty acid
synthesis, was approximately three times that
isolated from the aiphaketoglutaric 2 ,4-dini-
trophenylhydrazone derivative. The amount of
acetate incorporated into pyruvic acid was
TABLE I
Contribution of epidermis to succinic acid
synthesis
(Exp. ,8)
Wet Weight of Succinic Acid
Relative
Radio-
activity
Epidermis 0.69 Gm.
Whole skin.... 9.20 Gm.
0.096 mg.
0.114 mg.
1.0
1 3
TABLE II
Distribution of radioactivity
Eap. No.
44
45
46
Orgaoic
Acids
3,000
3,260
12,280
Glyco-
gen
—
0
0
Fat
2,480
2,067
2,370
Nucleic
Acid
9,000*
5,124
25,816
Protein
(soluble)
456
444
862
All numbers represent counts per minute.
* Counted as part of residue.
TABLE III
Synthesis of keto acids of the tricarboxytic acid
cycte by skin
(Exp. 2l 14)
2, 4-Binitropheoylhydrazioe Derivative of Radioact!çCounts
Pyruvic acid
Aiphaketoglutaric acid
*Acetoacetic acid
6
103
306
negligible. A very active pathway for the metabo-
lism of acetate is that going toward the synthesis
of nucleic acids (Table 2). In the two skins
analyzed, this amounted to approximately
twice the amount incorporated into the organic
acids. The insoluble residue remaining after all
extractions, consisting of a mixture of proteins
and other materials, is quite active, but was not
analyzed further. Soluble protein recovered from
water extracts contained approximately one-tenth
the radioactivity present in the organic acid
fraction.
4. Tricarboxylic acid cycle: In Table 4 arc
listed the various non-keto acids of the tricarbox-
ylic acid cycle which were isolated by means of the
Dowex I column. All of the non-keto acids of the
cycle were present and were radioactive. In
Table 4 the amount of each acid in mgms. % wet
weight of skin and the specific activity of each
acid in terms of relative counts per minute per
millimole of acid are given. Relative specific
activities (with succinic taken as 1) have been
used since no attempt was made to account for
all of the radioactivity originally present in the
medium used for perfusing the skins. In addition,
the amount of activity incorporated into any one
skin differed considerably from any other skin,
and absolute counts would, therefore, be mis-
leading. Since relative pathways of metabolism
arc under consideration, the amount of radio-
activity present in any one acid in relation to
the other acids in a particular skin is all that
need be considered.
The most consistent finding was the large
amount of succinic acid present in relation to the
other acids, In experiments 412, 3, and 34, no
perfusions were performed, the results indicating
the amounts of the acids found in normal dog
skin. It can be seen that these control skins do
not differ from the perfused skins and that the
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* Combined with Isocitric.
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TABLE IV
large amount of suecinic acid present is a feature
of the normal skin as well as the perfused skin.
Since the succinic fraction was largest and,
therefore, subject to the least error in quantita-
tion, it was used ns the basis for the relative
activities and is arbitrarily assigned the value of
1. The presence of this large succinic acid fraction
was confirmed by paper chromatography of the
suceinic acid fraction isolated from the Dowex I
column and by gas chromatography of a methyl-
ated ether extract of non-perfused skins on an
adipate ethylene glycol eolumn.* In the case of
the paper chromatography, known succinic acid
ran at the same speed as the radioactive succinic
peak. The gas chromatographic analysis showed a
succinic acid peak, as determined by comparison
with known succinic acid, which far over-
shadowed all other acids in the extract. This
method is not quantitative, and so was not used
for further analysis.
The relative specific activities of the various
acids were not consistent on analysis of several
skins. In general, the larger the absolute amount
of a particular acid present, the lower the specific
activity, and vice versa. It would seem that the
radioactivity which was present in a particular
fraction was fairly constant, whereas the amount
of each acid present varied over an extremely
wide range, and this factor was most important
in determining the specific activity, especially
when dealing with a small amount of isolated
acid.
* We arc indebted to Dr. Victor R. Wheatley
for carrying out this procedure.
Still, it may be worthwhile to note that
although in all experiments the succinic fraction
was the largest, in 3 out of 7 experiments (Nos. 5,
35, and 40) this largest fraction had also the
highest specific activity. This result seems to
indicate that synthesis of succinic acid occurs not
only via the tricarboxylic acid cycle, but also
through some other pathway.
DISCUSSION
1. General: Barron's work indicated a defi-
ciency in the enzyme isocitric dehydrogenase.
No stimulation of oxygen uptake was found after
the addition of citrate or alphaketoglutarate,
while the addition of pyruvate or succinate
markedly increased oxygen uptake. Griesemer
and Gould, in 1954 (2), confirmed a lack of
stimulation of oxygen uptake in rat skin prepara-
lions after the addition of citric acid. Alphaketo-
glutaric acid in their preparations did increase
oxygen uptake, however, not to the extent found
after succinate addition. A lack of isocitric
dehydrogenase was again indicated. However, in
1958, C. N. D. Cruickshank (3), using micro-
technics with small epidermal slices of human
skin nnd a spectrophotometric indicator system,
demonstrated the presence of an active isocitric
dehydrogenase. All of the necessary enzymes in
the tricarboxylic acid cycle have, therefore, been
demonstrated, but it remains to explain the
differences in oxygen uptake found after addition
of the various acids.
A convenient explanation would be a relative
inhibition of, or lack of, isocitric dehydrogenasc
Synthesis of the non-heto acids of the tricarboxylic acid cycle by shin
Exp.No.
Citric Isacitric Succillic Fumaric Malic Aconitic
mg% Re!. sp. mg% Re!.sp. mg% Re!.sp. mg% Rel.sp. mg% Rel.sp. mg% Re!.sp.
2
3
5
6
10
11
22
34
35
40
0.45
0.50
0.30
1.65
3.0*
0.83
2.0*
43*
19.2
0.5*
0.1
2.0
0.2*
1.2
6.0*
0.5
0.1*
0.05
0.19
0.26
0.32
0.74
9.6
0.1
1.1
1.5
0.3
10.6
6.1
10.9
14.6
16.5
13.6
24.2
7.9
17.4
3.0
1
1
1
1
1
1
1
0.2
0.4
0.9
3.7
1.1
1.3
2.2
15.8
0.4
2.3
0.15
2.0
7.0
0.13
0.4
3.5
2.0
8.0
7.7
2.0
1.2
0.5
4.3
2.1
0.25
0.18
0.14
0.50
10.0
0.80
-1
2.4
2.8
0.6
4.5
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This enzyme is influenced by many factors,
including vitamin D (12), calcium by combina-
tion with citric acid (13), thyroxin (14), and
possibly insulin (15). Changes in these factors
could account for a relative block at this stage in
the cycle. The large amount of succinic acid
present in onr samples and its activity, as indi-
cated both by the oxygen uptake studies and its
unusually high relatve activity in 3 out of 7 of
our radioactive studies, suggests the further
possibility that when such a block occurs in the
cycle, acetate is able to bypass this part of the
cycle and to be incorporated into succinic acid
by another pathway. It is interesting that
Dajani and Orten (16), in a similar study of the
citric acid cycle in nucleated erythrocytes, also
found that the succinic acid fraction was higher
than the other dicarboxylic acids in specific
activity, and that these in turn, were higher in
activity than the tricarboxylic acids. They
postulated a more direct pathway from acetate
to succinatc than that offered by the tricarboxylic
acid cycle.
Such a pathway exists in the glyoxylate shunt
(Fig. 3) described recently by Kornberg and
Krebs (17). In this pathway isocitric acid is
broken down to form succinic acid and glyoxylic
acid by the enzyme isocitratase. The glyoxylic
acid then condenses with acetic acid to form a
molecule of malic acid. This last reaction is
catalyzed by the enzyme malate synthctase,
described by Wong and Aj1 (18). By means of a
cyclic series of reactions, succinate in amounts
larger than that found in the citric acid or isocitric
acid fractions can occur. Such has been the
finding in several of the skins analyzed. This
hypothesis is attractive and would explain the
various results obtained. However the results
presented in this paper are not conclusive on
this point.
Barron's work (1) indicated an inability of the
skin to synthesize diphosphothiaminc. This
factor is necessary for the conversion of acetate
to pyruvate. Our findings of a lack of radioactive
carbon incorporation into pyruvatc and glycogen
would indicate that not only is the reaction from
acetate to pyruvatc inoperable, but also that the
conversion of dicarboxylic acid to pyruvate is
comparatively inactive in the skin.
The high rate of incorporation of acetate into
fat and nucleic acid indicates a high priority for
synthetic reactions in the skin as contrasted with
purely energy producing functions. A relative
inactivity of the tricarboxylic acid cycle as
contrasted with other pathways has been recently
demonstrated also in the metabolism of C-14
labeled glucose in the rabbit lens (19).
Soluble protein contained small amounts of
radioactivity in comparison with the other
pathways. Slow protein synthesis has also been
postulated by Tabachnik (20) on the basis of
RNA/DNA ratios in guinea pig epidermis.
2. Dermatological implications: A complicated
series of biochemical events over several different
pathways occurs simultaneously in all tissues.
Metabolic emphasis is shifted from one series of
reactions to another during various phases of
physiological functions. Allotment of resources to
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one pathway to the detriment of another may
give rise to clinical pathology. The analysis of
these changing rates of reaction is especially
difficult using static, in vitro technics. The better
understanding of single reactions gained by these
technics gives only a very incomplete picture of
the overall reactions.
The perfusion method described is particularly
suited to the study of many events occurring
simultaneously. In vivo conditions can be very
closely simulated while the system under study is
isolated from the rest of the body's metabolic
processes. The overall handling of a particular
substance by the skin can be analyzed, and the
relative importance of each of the pathways
available for utilization of the substance under a
particular set of conditions can then be accurately
determined.
In the present study a baseline for the utiliza-
tion of the two-carbon fragment by the 'normal'
dog skin has been partially obtained. This study
would indicate that fatty acid and nucleic acid
synthesis are of prime importance in utilizing this
fragment. Inadequate supplies of acetate, block-
age in its utilization, or redirection along a differ-
ent pathway could be expected to lead to faulty
cell division and fatty acid production.
It remains to create such clinical abnormalities
as acute and chronic inflammation, allergic
states, tumor formation, etc. by physical and
chemical means in the skin prior to its removal
and perfusion. Changes in the utilization of
various metabolic substrates could then be
assayed in relation to their 'normal' utilization
along several different pathways, and a much
greater understanding of the biochemical implica-
tions of these processes achieved. This wider
view of biochemical processes and their relation
to clinical disease states can more easily be
achieved utilizing such experimental procedures.
The method used will make it possible to study
shifts in metabolism after physical forces such as
friction, ultraviolet rays, ionizing radiation or
chemical agents such as primary irritants or
allergens had been applied to the skin in vivo.
Study of the metabolism under the influence of
chemical carcinogens is another possibility.
In addition to two-carbon fragments the
metabolic fate of other mctabolites, such as
glucose, single amino acids, components of
nucleic acids, also could be studied on this model.
5UMMARY
1. Intact, surviving, perfused dog skin, actively
metabolizes acetate with the production of
radioactive organic acids, fats, nucleic acids, and
proteins.
2. The tricarboxylic acid cycle does operate in
such preparations.
3. Succinic acid is the main organic acid found
in the skin and in several instances was found to
be the most actively synthesized after perfusion
of radioactive acetate.
4. The possibility of a relative block in this
cycle at the isocitric dehydrogenase step is
discussed. Coincident with this relative block, an
alternate pathway from acetate to succinate may
be present.
5. Acetate incorporation into fats and nucleic
acids is quite active.
6. Glycogen and pyruvate formation in the
metabolism of acetate arc negligible.
We would like to acknowledge our great debt
to Dr. Stephen Rothman for his unfailing interest
and encouragement in this work.
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